A series of organo rare-earth metal amides incorporating chiral cyclohexyl bridged bis (b-diketiminato) ligands with general formula C NMR spectral analyses. The structures of complexes 1a-d were determined by singlecrystal X-ray analyses. Investigation of the catalytic properties of the complexes indicated that all complexes exhibited a high catalytic activity towards the addition of diphenylphosphine oxide to b-nitroalkene and a,b-unsaturated carbonyl derivatives with an excellent regioselectivity.
Introduction
In the past decade, the b-diketiminato supported metal complexes, as some of the typical nonmetallocene complexes, have seen great development, because the monodeprotonated b-diketiminato ligand is isoelectronic with the cyclopentadienyl anion. Compared with the cyclopentadienyl ligand, the b-diketiminato ligand displayed different coordination modes, 1 and tunable steric and electronic properties.
1-3 The reactivities of rare-earth metal complexes incorporating different b-diketiminato ligands have also been widely investigated.
4-6 Some of them displayed high catalytic activities in polymerization, such as olens polymerization, 1f,4a methyl methacrylate polymerization, 1g,5b copolymerization of epoxide and CO 2 , 1d,5d and ringopening polymerization of 3-caprolactone or lactides.
5f-5j
Recently, we reported rare-earth metal complexes bearing cyclohexyl bridged b-diketiminato ligands. 6 As a continuation of our own interest in cyclohexyl bridged b-diketiminato ligands, we further explored the chiral cyclohexyl bridged b-diketiminato supported rare-earth metal complexes to expand their catalytic applications. We report herein the synthesis and characterization of a series of the rare-earth metal amides incorporating chiral cyclohexyl bridged bis(b-diketiminato) ligands and their catalytic activity towards the hydrophosphination of b-nitroalkene and a,b-unsaturated carbonyl derivatives. sensitive to air and moisture; and they have a good solubility in either polar solvents or nonpolar solvents. All complexes were fully characterized by IR and elemental analyses. The complexes 1d and 2e were also characterized by 1 H NMR and 13 C NMR spectra analyses. The structures of complexes 1a-d were determined by single-crystal X-ray analyses.
Results and discussion

Synthesis and characterization of complexes
Molecular structures of the complexes X-ray structure analyses revealed that complexes 1a-d are mononuclear structures crystallized in the orthorhombic system with chiral space group P2 1 2 1 2 1 , they are isostructural and isomorphous. Representative structural diagram of complex 1d is shown in Fig. 1 . The rare-earth metal adopts a distorted square pyramid, in which the N(SiMe 3 ) 2 ligand occupies the apical position and the four N atoms of the chiral bridged b-diketiminato moieties form the basis. The substituted aryl groups take the transoid fashion in all complexes with one aryl substituent pointing away from the amido group and the other aryl group pointing towards the amido group. The selected bond lengths and angles are listed in Table 1 .
From Table 1 Catalytic activities of the complexes Development of new catalysts for hydrophosphination is of interest and importance due to 100% atom economy pathway (12) through the additions of dialkyl phosphites, secondary phosphines and diarylphosphine oxides to the unsaturated substrates. 7 In the addition of diarylphosphine oxide to the a,bunsaturated derivatives, rare-earth metal complexes have advantages of lower catalysts loadings (3-5 mol%), available materials, solvents compatibility and easy preparation, compared with the reported chiral bicyclic guanidinate catalyst (10 mol% loading, Et 2 O as solvent) and chiral multifunctional amine-thiourea catalyst (10 mol% loading, CH 2 Cl 2 as solvent).
8
In our previous study, we have reported the rare-earth metal amido complexes as catalysts for various C-P bond formation. 9a,b,f,g In order to further explore the chiral rare-earth metal amido complexes for the catalytic C-P bond formation, we examined the chiral rare-earth complexes as catalysts for the catalytic hydrophosphination of b-nitroalkene and a,b-unsaturated carbonyl derivatives.
Addition of diphenyphosphine oxide to the b-nitrostyrene was tested as a template by employing complex 1d as a catalyst, and results were summarized in Table 2 . Results showed that 3 mol% of the catalyst 1d could catalyze the hydrophosphination of b-nitrostyrene in solvents such as toluene, THF, diethyl ether and n-hexane at room temperature. The catalytic reaction was run in n-hexane to afford the product 4a in a 49% yield, probably due to solubility of catalyst. It is a pity that the addition products catalyzed by the above chiral rare-earth complexes was racemic under the conditions screened, probably due to the ligands' chiral backbone far from the metal centre which cannot control the stereochemistry of the product, but the reactions afforded the products with a high regioselectivity. The catalytic activities of the above different rare-earth metal amides on hydrophosphination of b-nitrostyrene were investigated with 3 mol% of catalyst loading using toluene as a solvent (Table 2, entries 4, 13-20) . It is found that all complexes 1a-d, 2a-e exhibited high catalytic activities on the hydrophosphination of b-nitrostyrene, indicating that the ionic radii of the rare-earth metals and the substituent groups on phenyl ring have little inuence on the catalytic activities of the catalysts.
Under the optimized reaction conditions, we next examined the substrate scope of the catalytic addition of diphenyphosphine oxide to different b-nitroalkene employing 1d as a catalyst (Table 3) . From Table 3 , we can see that the complex 1d exhibited a high catalytic activity towards different b-nitroalkene despite of the electronic nature and the steric effect of the substituents on the aryl groups of the substrates (entries 1-8, Table 3 ). Furthermore, the additions of diphenyphosphine oxide to various a,b-unsaturated carbonyl derivatives have also examined. The catalytic system could suit well for the a,bunsaturated amides, esters and chalcones producing the corresponding 1,4-regioselective addition products in high yields (entries 9-14, Table 3 ). In contrast to the imino-hydroxyquinolyl functionalized rare-earth metal catalysts, 8c the catalytic loadings of new synthesized rare-earth metal complexes supported by chiral cyclohexyl bridged bis(b-diketiminato) ligand were reduced to 3 mol%, and the substrates could be different a,bunsaturated amides, esters and chalcones, indicating ligands effects on the catalytic activity of the catalysts.
The catalytic addition mechanism of diphenylphosphine oxide to the b-nitrostyrene and a,b-unsaturated carbonyl derivatives is proposed (Scheme 2). Interaction of the catalyst with diphenyphosphine oxide produced the intermediate A via silylamine elimination, coordination of the substrate with A produced B, which subsequently underwent 1,4-conjugate addition to form C, C then interacted with diphenyphosphine oxide to regenerate intermediate A nishing a catalytic cycle. The stereocenters of the ligands are far from the reactive site in the intermediate B which controls the stereochemistry to produce racemic products. The metal center will have little inuence on the catalytic activity.
Experimental section
Materials and methods
All syntheses and manipulations of air-and moisture-sensitive materials were performed under dry argon and oxygen-free atmosphere using standard Schlenk techniques or in a glove box. All solvents were reuxed and distilled over sodium benzophenone ketyl under argon prior to use unless otherwise noted. [(Me 3 Si) 2 N] 3 RE III (m-Cl)Li(THF) 3 (RE ¼ Nd, Gd, Dy, Er, Yb and Y) were prepared according to literature methods. a Reactions were performed with 0.5 mmol of diphenyphosphine oxide and 0.5 mmol of b-nitrostyrene in 5 mL of solvent.
diaminocyclohexane, 2,6-diisopropylaniline, acetylacetone were purchased and used without purication. 2-((2,6-Diisopropylphenyl)imido)-2-penten-4-one and 2-((2,6-diethylphenyl)imido)-2-penten-4-one were synthesized by following the literature procedures.
10 Elemental analyses data were obtained on a Perkin-Elmer 2400 Series II elemental analyzer.
1 H NMR and (1.142 g, 10.0 mmol), 2-((2,6-diisopropylphenyl)imido)-2-penten-4-one (5.700 g, 22.0 mmol), and a catalytic amount of p-toluenesulfonic acid in toluene (30 mL) were combined and reuxed overnight. The water produced during the reaction was removed as a toluene azeotrope using a water separator. The toluene was removed in vacuo aer the reaction was completed. The product was extracted with hexanes and crystallized at À20 C affording the product H 2 L 2 (3.040 g, 51% yield 60, 154.99, 146.86, 138.29, 138.21, 122.77, 122.67, 122.53, 92.96, 57.24, 32.42, 27.98, 27.79, 24.30, 23.98, 23.11, 22.82, 21.73, 19.43 5, 162.4, 161.7, 161.0 (CNCH 3 ), 147.7, 146.5, 136.6, 136.2, 136.1, 135.8, 124.4, 123.9, 123.7, 123.6, 123.2, 122.7 (aryl) , 60.20; H, 8.35; N, 7.63. Found: C, 60.66; H, 8.54; N, 7 X-ray structure determination. A suitable crystal of the complex 1a, 1b, 1c and 1d was mounted in a sealed capillary. Diffraction was performed on a Siemens SMART CCD-area detector diffractometer using the graphite-monochromated Mo-Ka radiation (l ¼ 0.71073Å); temperature 293(2) K; j and u scan technique; SADABS effects and empirical absorption were applied in the data corrections.
11 All structures were solved by direct methods (SHELXL-97), completed by subsequent difference Fourier syntheses, and rened by full-matrix leastsquare calculations based on F 2 (SHELXL-97). 12 Crystal data and details of data collection are given in ESI. † General procedures for hydrophosphination of b-nitroalkene and a,b-unsaturated carbonyl derivatives (4a as an example) A 30.0 mL Schlenk tube under dried argon was charged with complex 1d (11.8 mg, 0.015 mmol), diphenyphosphine oxide (0.101 g, 0.5 mmol), and 5.0 mL of toluene, and then bnitrostyrene (0.075 g, 0.5 mmol) was added to the mixture. The mixture was stirred at room temperature for 6 hours. Aer the reaction was completed, the reaction mixture was hydrolyzed by water, extracted with ethyl ether, dried over anhydrous sodium sulfate, and then ltered. Aer the solvent was removed under reduced pressure, the nal products were further puried by recrystallization from ethyl acetate or column chromatography. Compound 4a was isolated as a white solid (0.167 g, 95%).
Conclusion
A series of novel rare-earth metal amides bearing chiral cyclohexyl bridged bis(b-diketiminato) ligands were synthesized via the reactions of [(Me 3 Si) 2 N] 3 RE III (m-Cl)Li(THF) 3 with the corresponding chiral cyclohexyl bridged bis(b-diketimines) in good yields. These complexes exhibited an excellent catalytic activity on the hydrophosphination of b-nitroalkene and a,b-unsaturated carbonyl derivatives with a high regioselectivity. The catalysts have the advantages of a high efficiency, a low catalysts loading, a wide of solvents and substrates compatibility, and mild conditions. The method provides a highly atomic efficient way for the preparation functionalized phosphine oxides, which can be easy transferred to useful phosphines.
